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Sheet erosion is one of the major threats to alpine soils. To quantify its role and impact in the degradation
processes of alpine grasslands, the application of Fallout Radionuclides (FRN) showed very promising
results. The speciﬁc characteristics of plutonium 239 þ 240 (239þ240Pu), such as the homogeneous fallout
distribution, the long half-life and the cost and time effective measurements make this tracer application
for investigating soil degradation in Alpine grasslands more suitable than any other FRN (e.g. 137Cs).
However, the conversion of 239þ240Pu inventories into soil erosion rates remains a challenge. Currently
available conversion models have been developed mainly for 137Cs with later adaptation to other FRN
(e.g. Excess 210Pb, and 7Be), each model being deﬁned for speciﬁc land use (ploughed and/or unploughed)
and processes (erosion or deposition). As such, they may fail in describing correctly the distribution of Pu
isotopes in the soil. A new conversion model, MODERN, with an adaptable algorithm to estimate erosion
and deposition rates from any FRN inventory changes was recently proposed (Arata et al., 2016). In this
complementary contribution, the authors compare the application of MODERN to other available con-
version models. The results show a good agreement between soil redistribution rates obtained from
MODERN and from the models currently used by the FRN scientiﬁc community (i.e. the Inventory
Method).
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The application of fallout radionuclides (FRN) as soil tracers is
currently one of the most promising and effective approaches to
assess soil erosion and deposition rates in mountainous grasslands
(e.g Schaub et al., 2010; Konz et al., 2012). Conventional methods
(e.g. sediment cups, erosion pins or experiments under simulated
rainfall) are laborious and constrained by the extreme topographic
and climatic conditions of the Alps. They may also fail to track the
inﬂuence of snow processes and animal activity (sheep and cattleLtd. This is an open access article utrails) to soil redistribution processes in the Alps (Meusburger et al.,
2014).
The artiﬁcial fallout radionuclide 137Cs (half-life ¼ 30.2 years) is
the most commonly employed FRN to study soil redistribution
(Mabit et al., 2008, 2013). However the application of 137Cs in alpine
grasslands is compromised by the high spatial heterogeneity of the
fallout at the reference sites (Alewell et al., 2014). The cause of such
heterogeneity is most likely due to the origin of the 137Cs fallout in
the Alps, which is linked to single rain events just after the Cher-
nobyl accident when most of Alpine soils were still covered with
snow (Schaub et al., 2010).
As a suitable alternative, the two long-life plutonium (Pu) iso-
topes (i.e. 239Pu [half-life¼ 24,110 years] and 240Pu [half-life¼ 6561nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Alps (Schimmack et al., 2002; Alewell et al., 2014). In contrast to
137Cs, 239þ240Pu is part of the non-volatile fraction of reactor re-
leases in case of nuclear power plant accidents. As such, there was
no long range transport of Chernobyl Pu inﬂuencing Alpine areas
(Eikenberg et al., 2001). The origin of Pu fallout is rather linked to
the nuclear bomb tests, which took place mostly from 1954 to the
mid-1960s (Ketterer et al., 2004). Therefore, the 239þ240Pu deposi-
tion is not connected to few speciﬁc rain events, and as a result, its
distribution in the Swiss alpine soils is more homogeneous than
137Cs deposit (Schimmack et al., 2002; Alewell et al., 2014). The
longer half-life of 239þ240Pu ensures also its longer term environ-
mental availability, with respect to 137Cs. In addition, isotopic
measurements of Pu can be performed by ICP-MS, a more cost and
time effective technique compared to classical spectrometry
determination (Ketterer et al., 2004).
To convert 239þ240Pu inventories into quantitative estimates of
soil redistribution rates, a speciﬁc conversion model is needed.
Such models compare the total radionuclide activity per unit area
(inventory) in a given sampling site to an undisturbed reference
site, where no soil redistribution processes have occurred since the
main deposition. To estimate soil erosion rates in alpine grasslands,
the conversion model needs to take into account the speciﬁc depth
distribution of FRN in unploughed soils, where soil stratiﬁcation
reﬂects near-natural conditions. In unploughed soils, the Proﬁle
Distribution Model (PDM) and the Diffusion and Migration Model
(DMM) (Walling and Quine, 1990; Walling and He, 1997; Walling
et al., 2002, 2011, 2014) are the most widely employed and estab-
lished models to convert FRN inventories to soil erosion rates.
These models were originally developed to convert 137Cs in-
ventories into soil redistribution rates. Their application to
239þ240Pu inventories may produce signiﬁcant bias, because 137Cs
and 239þ240Pu can have differing depth distribution patterns in soils
(attributed to differing time since main fallout in Chernobyl
affected areas and differing sorption behaviour in soils). To the
authors knowledge, few applications of Pu isotopes in soil erosion
have been performed so far (Schimmack et al., 2002; Everett et al.,
2008; Tims et al., 2010; Hoo et al., 2011; Lal et al., 2013; Xu et al.,
2013; Alewell et al., 2014; Zollinger et al., 2014; Xu et al., 2015)
and only recently, Hoo et al. (2011) and Lal et al. (2013) proposed
algorithms to derive erosion rates from Pu inventories. Efforts by
the authors to apply the model suggested by Hoo et al. (2011) were
not successful, as the calibration of a parameter (i.e. b) included in
the algorithm returned calculation errors. Thus, the Inventory
Method (IM) of Lal et al. (2013) remains the only model which was
suggested speciﬁcally for the conversion of 239þ240Pu inventories
into erosion rates for unploughed soils.
The Inventory Method assumes that the FRN depth distribution
in the soil is characterized by an exponential function. In the Swiss
Alps, the exponential distribution could be applied for 137Cs, which
is especially located in the upper most horizons, as its main fallout
was in 1986 and it is known to have a slow migration rate in soils
(Bossew and Kirchner, 2004). But, as 239þ240Pu fallout begun in the
early 1950s, with a maximum around 1963, its depth distribution in
soil has a different characteristics. Previous results show that the
239þ240Pu depth proﬁle in Swiss alpine soils follows a polynomial
proﬁle with the peak content between 3 and 6 cm soil depth
(Chawla et al., 2010; Alewell et al., 2014). Plutonium is preferen-
tially adsorbed by organic matter, and especially by humic acids,
and therefore retained near the surface (Chawla et al., 2010; Alewell
et al., 2014). The lower concentrations in the very top soil may be
due to plant uptake after fallout deposition (Chawla et al., 2010).
The accurate description of 239þ240Pu concentration in the top
soil is fundamental, as a wrong assumption on the 239þ240Pu depth
proﬁle may bias the assessment of soil erosion rates considerably.Recently, the new conversion model MODERN (Modelling Deposi-
tion and Erosion rates with RadioNuclides, Arata et al., 2016) has
been proposed. Due to its characteristics, MODERN enables to
represent the precise depth distribution of any FRN at a given
reference site.
The aim of this study is to evaluate the applicability of MODERN
to convert 239þ240Pu inventories in soil redistribution rates in
Alpine grasslands. Thus in this manuscript, the authors compare
the performance of MODERN to the application of three established
models to assess soil erosion rates from FRN inventories in
unploughed soils: (i) the Inventory Method (IM) (Lal et al., 2013),
(ii) the Proﬁle distribution model (PDM) (Walling et al., 2002, 2011,
2014) and (iii) the Diffusion and Migration Model (DMM) (Walling
et al., 2002, 2011, 2014). The parameters included in the models
(e.g. the migration velocity v and the diffusion coefﬁcient D) were
speciﬁcally adapted for the application to 239þ240Pu inventories.
MODERN allows describing not only erosion but also sediment
deposition processes. In the depositional areas of the study areas,
the stratiﬁcation of the sedimentation layers resembles the situa-
tion of ploughed and thus homogenized layers. For this reason,
MODERN deposition outputs were compared to the application of
the Proportional Model (PM) (Walling et al., 2002, 2011, 2014)
which was originally developed to assess soil redistribution rates in
ploughed soils.
2. Materials and methods
2.1. Study area and 239þ240Pu measurements
The authors used the dataset established by Alewell et al. (2014).
The targeted study area is the Urseren Valley (Canton Uri), in
Central Switzerland Alps, where 6 reference sites and 9 sampling
points were sampled in 2007. The 9 sampling points were collected
on three different land use types with three replicates each: hay-
ﬁeld (HF1, HF2, HF3), pasture with dwarf shrubs (PAW1, PAW2,
PAW3) and pasture without dwarf shrubs (PAWO1, PAWO2,
PAWO3). For a more detailed description of the study site, see
Meusburger and Alewell (2008).
The reference soil cores were sectioned into 3 cm increments
down to a depth of 30 cm to obtain detailed information on the
239þ240Pu depth distribution. The cores of the sampling sites were
sectioned in 10 cm increments down to a depth of 40 cm. All cores
were oven-dried at 40 C for 48 h, sieved to the 2 mm fraction and
dry-ashed. Only the soil samples to a depth of 15 cm (at the
reference sites) and of 10 cm (at the sampling sites) have been
measured for Pu activity. The measurement of Pu isotopes
(239þ240Pu) activities was performed at the Northern Arizona Uni-
versity using a Thermo X Series II quadrupole ICP-MS instrument
which includes a high-efﬁciency desolvating sample introduction
system (APEX HF, ESI Scientiﬁc, Omaha, NE, USA). A detection limit
of 0.1 Bq kg1 for 239þ240Puwas obtained for samples of nominal 1 g
of dry-ashed material; for 239þ240Pu activities >1 Bq kg1, the
measurement error was 1e3%. Prior to mass spectrometry analysis,
the samples were dry-ashed and spiked with ~0.005 Bq of a242Pu
yield tracer (obtained as a licensed solution from NIST). The Pu was
leached with 16 M nitric acid overnight at 80 C, and was subse-
quently separated from the leach solution using a Pu-selective
TEVA resin (Ketterer et al., 2004). The masses of 239Pu and 240Pu
present in the sample, determined by isotope dilution calculations,
were converted into the summed 239þ240Pu activity.
2.2. Conversion models to estimate erosion and deposition rates
from 239þ240Pu inventories
The 239þ240Pu activities (Pu act, Bq kg1) were converted into
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Inv ¼ Pu act  xm (1)
where xm is the measured mass depth (xm) of ﬁne soil material
(<2 mm fraction) (kg m2) of the respective soil sample.
The Inventory change (Invchange) at each sampling site, with
respect to the reference site, was calculated as:
Invchange ¼
Invref  Inv
Invref
 100 (2)
where Invref is the local reference total inventory as mean of all
reference sites (Bqm2) and Inv is the measured total inventory at a
speciﬁc sampling point (Bq m2). Positive values of Invchange indi-
cate erosion, whereas negative values indicate deposition.
The Inventory Method (IM) (Lal et al., 2013) has been devel-
oped speciﬁcally for the application of 239þ240Pu. It considers that
the inventory Inv (mBq cm2) of fallout Pu in a soil column is:
Inv ¼
Z zmax
0
NðzÞdz (3)
where zmax is the depth to the bottom of the soil column, and N(z)
(mBq cm3) is the concentration of Pu at depth z (cm).
The loss of Pu inventory at the site i, Invloss (Bq m2), is the
difference between the average Pu inventory from the reference
sites Invref and themeasured Pu inventory at the investigated site. It
can be expressed as:
Invloss ¼ Invref eInv (4)
The model assumes that the shape of Pu depth proﬁle approx-
imates an exponential function (Lal et al., 2013), described by the
exponent a. The loss of soil, L (cm), is obtained by solving the
equation:
Invloss ¼
Z L
0
NðzÞdz ¼
Z L
0
Nð0Þeazdz (5)
And, with Invref ¼ N(0)/a, it results in:
L ¼ 1
a
ln
 
1 Invloss
Invref
!
(6)
To consider the grain size selectivity of soil redistribution pro-
cesses, an additional parameter is also included in equation (6),
which results in:
L ¼  1
aP
ln
 
1 Invloss
Invref
!
(7)
where P (unit less) is the particle size factor which takes the grain
size selectivity of erosion and deposition processes into account. To
convert IM results (L) from cm to erosion rates ER (t ha1 yr1), the
following formula is used:
ER ¼ 10  L$xm
d$ðt1  t0Þ
(8)
where xm is the mass depth (kg m2) of the sampling site, d is the
depth increment considered at the sampling site, t1 is the sampling
year (here 2007). t0 (yr) is the starting year of the Pu fallout (1954).
The Proﬁle Distribution Model is a conversion model devel-
oped for unploughed soils, widely used especially for 137Cs (e.g.
Porto et al., 2001). It assumes an exponential decline of the depthdistribution of the radionuclide in the soil (as the Inventory
Method), which can be described by the following function:
InvðxmrÞ ¼ Invref

1 exmr=h0

(9)
Where xmr (kg m2) is the mass depth of the reference site
(obtained as a mean value of the mass depths of the reference sites)
and h0 (kg m2) is a coefﬁcient describing the proﬁle shape. The
greater the value of h0, the deeper is the penetration of the radio-
nuclide into the soil (Walling et al., 2002).
At an eroding point (where the total inventory Inv is less than
the reference inventory Invref), the erosion rate ER (t ha1 yr1) can
be estimated using the following relationship (Walling and Quine,
1990):
ER ¼  10
P  ðt0  tÞ

ln

1 Invchange
100

h0 (10)
Where t’ and t (yr) are the sampling year and the starting year of Pu
fallout, respectively.
The Diffusion and Migration Model (DMM) is a one-
dimensional transport model (Walling et al., 2002, 2011, 2014). It
considers a diffusion coefﬁcient D (kg2 m4 yr1) and a migration
rate v (kg m2 yr1) for the FRN in the soil proﬁle. The diffusion
coefﬁcient (D) and the migration rate (v) characterize the evolution
of the shape of the FRN proﬁle with time. High values of D and v
imply a deeper penetration of the FRN into the soil proﬁle. The
model also takes into account the potential temporal variation of
the radionuclide distribution with soil depth.
The DMM is based on the equation describing the variation of
the FRN concentration C (Bq kg1) in a soil at time t (yr):
CðtÞzIðtÞ
H
þ
Z t1
t
I

t’
	
eR=Hﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dp

t  t’	q e
v2ðtt0Þ=ð4DÞlðtt0Þdt0 (11)
H (kgm2) is the relaxationmass depth of the initial distribution
of the FRN in the soil proﬁle, and is deﬁned as the mass depth at
which the FRN concentration reduces to 1/e of the surface con-
centration, assuming an exponential depth distribution. This value
can be determined experimentally by observing the behaviour of
the applied radionuclide on a soil surface using a rainfall simulator.
Walling et al. (2002, 2011, 2014) suggested a value of ~5 kg m2 for
137Cs. As Cs and Pu have comparablemigration rates (Kirchner et al.,
2009), and in the existing literature no values are available for Pu,
the same value of the relaxation mass depth was used for Pu as
indicated for 137Cs. The parameter l is the 239þ240Pu effective decay
constant, calculated using the weighted mean of 239Pu and 240Pu
half-lives and their relative isotopic concentrations. I(t) is the
annual atmospheric FRN deposition ﬂux at time t. Values of I(t) are
reported for 137Cs, from 1954 to the present, and based on the re-
cord of 137Cs deposition in the northern hemisphere as a result of
the nuclear weapon tests (Bqm2 yr1). So far, no measurements of
239þ240Pu annual deposition in the Swiss Alps have been published
in the literature. To determine I(t), the authors used the ratio be-
tween 239þ240Pu and 137Cs inventories in the study area, as calcu-
lated by Alewell et al. (2014), which has a mean value of 0.0029.
Multiplying this speciﬁc ratio by the annual atmospheric 137Cs
deposition in the Northern Hemisphere, for each year since 1954,
the values for I(t) of 239þ240Pu were deﬁned.
The 239þ240Pu migration velocity v and the diffusion coefﬁcient
D values were determined using the least squares method to ﬁt the
function C(t) to the vertical distribution data of Pu from the refer-
ence site, using the following equation (Bossew and Kirchner,
2004):
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(
1ﬃﬃﬃﬃﬃﬃﬃﬃ
pDt
p eðxvtÞ2=ð4DtÞ
 v
2D
evx=Derfc
 
v
2
ﬃﬃﬃ
t
D
r
þ x
2
ﬃﬃﬃﬃﬃ
Dt
p
!)
(12)
where C(x,t,J0,D,v) is the 239þ240Pu content in soil originating from
nuclear tests and I0 (Bq cm2 yr1) the initial nuclear tests depo-
sition considered for the time of the maximum release. The values
of the diffusion constant, D (cm2 yr1), and velocity, v (cm yr1)
were distinctly derived for each of the six reference proﬁles by
applying the least square ﬁtting procedure. Furthermore, using the
mean bulk density B (g cm3) of each incremental reference soil
core, averaged D (kg2 m4 yr1) and v (kg m2 yr1) values were
included in the DMMmodel (see Table 1). For an eroding point, the
erosion rate ER (t ha1 yr1) may be estimated from the reduction
in the inventory Invloss (Bq m2) using the relationship:
Z t
0
P$ER$Cuðt0Þelðtt0Þdt0 ¼ Invloss (13)
The Proportional Model (PM) is the most simple and
commonly used empirical model for estimating soil sedimentation
rates from FRNs. It was established for the assessment of soil
redistribution rates in ploughed soils and has been used worldwide
by many authors (see Ritchie and McHenry, 1990). This model is
based on the assumption that all deposited FRN are mixed within
the plough layer and that the proportion of eroded soil is directly
proportional to the reduction of FRN inventory in the soil proﬁle.
One major advantage of the PM is that it can be also used to esti-
mate deposition rates (see Walling et al., 2002), with just a small
change in the formula, where P (i.e. a particle size correction factor
for eroded sites) is substituted with P’, a speciﬁc particle sizeTable 1
List of parameters included in the conversion models to estimate soil erosion rates from
study area and the set values (indicated by the symbol *) used for the application of the m
DMM: Diffusion and Migration Model, PM: Proportional Model, and M: MODERN. x in
parameter is needed to convert the result from cm to t ha1 yr1.
Parameters Description
Invref Pu Reference total inventory (Bq m2)
Invinc Pu reference Inventory at each increment inc (Bq m2)
inc Depth increment of the reference site (cm)
Inv Pu total Inventory at sampling site (Bq m2)
g(x) Step function describing Pu inventory at reference site
S(x) Simulated total inventory of reference sites (Bq m2)
Invchange Inventory change (%)
Invloss Inventory loss (Bq m2)
t Sampling year (yr)
t’ Starting fallout year (yr)
B Bulk density of the sampling site (kg m3)
d Depth of the plough/sampled layer (m)
P Particle size correction factor for Erosion (unitless)
P0 Particle size correction factor for Deposition (unitless)
xm Mass depth of the sampling site (kg m2)
xmr Mass depth of the reference site (kg m2)
h0 Proﬁle shape factor (kg m2)
a Exponential factor (cm1)
C Pu concentration in top layer at reference site (Bq kg1)
D Diffusion coefﬁcient (kg2 m4 yr1)
v Migration rate (kg m2 yr1)
H Relaxation depth (kg m2)
l 239þ240Pu effective decay constant (yr1)
R Erosion rate (t ha1 yr1)
L Erosion rate (cm)
DR Deposition rate (t ha1 yr1)correction factor adapted to deposition sites. The PMwas used only
to estimate deposition rates at deposition sites, where the depos-
ited layers are assumed to be almost completely mixed, similar to
ploughed layers.
The deposition rate DR (t ha1 yr1) can be expressed as:
DR ¼ 10 B d Invchange
P0  ðt0  tÞ  100 (14)
where B (kg m3) is the bulk density of the soil and d (m) is the
depth of the plough layer. As for this study the authors considered
as d the total depth of the layer (0.15 m).
The new conversion model MODERN allows to reproduce the
measured depth distribution of the 239þ240Pu isotopes at the
reference site, avoiding any assumption or generalisation of its
shape (Arata et al., 2016). By overlapping the total inventory of the
sampling site to the depth proﬁle of the reference site, MODERN
permits to ﬁnd the intersect point along the soil proﬁle where their
values match. For a detailed description of the MODERN algorithm
see Part 1 of the present study (Arata et al., 2016).
The 239þ240Pu depth proﬁle at the reference sites is modelled as
a step function g(x), which for each increment inc returns the value
Inv(inc) (Bq m2). The Pu total inventory of a sampling site is given
by Inv (Bqm2), measured for thewhole increment of depth d (cm).
The model targets the level x*(cm) from x* to x*þ d (cm), where the
cumulated value of the Pu inventory at the reference site is equal to
Inv. Therefore x* should fulﬁl the following equation:
Z x*þd
x*
gðxÞdx ¼ Inv (15)
A speciality of MODERN is its ability to adapt the depth proﬁle of
the reference site, through the addition of simulated layers on top
or below the measured depth proﬁle. These adaptations aim to239þ240Pu inventories. The mean measured values (with standard deviation) for the
odels are indicated, where IM: Inventory Method, PDM: Proﬁle Distribution Model,
dicates that the parameter is included in the model, whereas x’ indicates that the
Mean value Models
IM PDM DMM PM M
83 ± 11 x x x x
6e30 x
3 x
84 ± 30 x x x x x
e x
e x
14 ± 31 x x
12 ± 26 x x
2007* x’ x x x’
1954* x’ x x x’
1.17 x
0.15* x x
1* x x x
1* x x
110 x’ x’
117 x
47 x
0.09 x
1.14 x
16 x
0.96 x
5* x
0.00004* x
Target Variable x x
Target Variable x x
Target Variable x x
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sampling sites. Note that MODERN does not make any assumption
or generalisation of the shape of the measured reference site depth
proﬁle. Five layers below the measured depth proﬁle were simu-
lated in this study, and an exponential smoothing of the inventories
is modelled (Fig. 1).
The adaptation of the depth proﬁle with additional layers above
the measured layers permits the estimation of deposition rates. In
this study the authors simulate three layers above the measured
depth proﬁle and assume that on average the deposition material
origins from the top 6 cm of eroded soil that is homogenously
mixed during transport. Consequently the 239þ240Pu inventory
contained in each deposited layer is assumed to be equal to the
mean inventory of the ﬁrst two surface reference layers i.e. layers 1
and 2 (Fig. 1).
The cumulated total 239þ240Pu inventory of the reference site,
including the new simulated layers, is described by the integral
function S (Fig. 1), where:Fig. 1. (A): Adaptation of the reference depth proﬁle with MODERN. Five layers have been
inventories is modelled. Three layers have been simulated above the measured depth proﬁl
that is mixed during the transport (left). Resulting functions S, which describes the cumula
increment of length d ¼ 15 cm (right). (B): Adaptation of the reference depth proﬁle with M
enriched layer of the measured depth proﬁle (left). Resulting functions S (right).SðxÞ ¼
Z xþd
x
gðx0Þdx0 (16)
The function S can be solved through the primitive function G of
the distribution function g(x) as follows:
SðxÞ ¼ Gðxþ dÞ  GðxÞ (17)
MODERN returns the results (L) in cm. To convert them to yearly
soil losses/gains ER/DR in t ha1 yr1, the equation (8) is used. If the
particle size factor is available, it is possible to consider this
parameter with MODERN in simply dividing the results by it.
2.3. Particle-size selectivity of erosion and deposition processes
Small grain size fractions in soil samples tend to be enriched in
FRN concentrations and might be preferentially transported during
sheet erosion processes (IAEA, 2014). To take into account the
preferential transport of smaller grain size particles with highersimulated below the measured depth proﬁle, where an exponential smoothing of the
e, where we assume that the deposition material origins from the top 6 cm of soil, and
ted 239þ240Pu inventory of the simulated reference depth proﬁle, considered for each
ODERN for sites HF 3 and PAW 2, where the deposition material origins from the most
L. Arata et al. / Journal of Environmental Radioactivity 162-163 (2016) 97e106102speciﬁc surface areae and thus higher FRN contente a particle size
correction factor (P or P’ in case of deposition) is usually proposed by
most conversion models.
Since information on the FRN concentration in soil mobilized by
erosion and deposited with the sediments may be very difﬁcult to
obtain, estimates of these parameters can be deduced from the
information obtained on the grain size composition of the surface
soil, eroded sediment and deposited sediment. As proposed by He
and Walling (1996), the value of P can be expressed as:
P ¼

Sms
Ssl
n
(18)
Where Sms is the speciﬁc surface area of mobilized sediment
(m2 g1); Ssl is the speciﬁc surface area of the source soil (m2 g1)
and v is a constant with a value of ~0.65 (He andWalling, 1996). For
deposition sites, the value of P’ can be determined using the below
equation:
P0 ¼

Sds
Sms
n
(19)
Where Sds is the speciﬁc surface area of deposited sediment
(m2 g1) and the value of v is the same as for equation (18). How-
ever, even the estimation and the deﬁnition of the speciﬁc surface
area of the preferentially transported sediments are very
demanding. Thus, even though particle size factors might inﬂuence
model results considerably, published results on implementation of
P/P’ into models are scarce (e.g. Van Pelt et al., 2007; Pore˛ba and
Bluszcz, 2008).
In our study area, two rainfall simulation tests have been con-
ducted to investigate the transport of different grain sizes due to
soil erosion processes (Tresch, 2014). A stable isotope analysis was
performed on the eroded samples obtained by the rainfall simu-
lations (n ¼ 22), to investigate any signiﬁcant difference in Soil
Organic Carbon (SOC) content between eroded and reference
samples. Indeed, higher SOC content would indicate higher clay
content and therefore smaller grain sizes. The preliminary results
indicate very small differences in d13C values between eroded and
reference samples (0.5e0.8%), and therefore no preferential trans-
port of speciﬁc grain sizes. Thus, a particle size correction factor of 1
for all models selected in this study was assumed. Nevertheless, the
authors recognize that a further analysis on this parameter is
deﬁnitively needed in order to investigate its inﬂuence on the
modelling procedures and the outputs produced.3. Results and discussion
3.1. 239þ240Pu inventories of the study area
At the reference sites, the 239þ240Pu activity wasmeasured down
to a depth of 15 cm. The radionuclide maximum activity was found
between 3 and 6 cm depth, with values ranging from 0.8 to 2.6 Bq
kg1. The depth proﬁle of Pu inventories, as a mean value of 6
reference sites, follows a polynomial function, where a third-degree
polynomial ﬁt returns an R2 reaching 0.97. In contrast, a least
squares exponential ﬁt of the Pu depth proﬁle at reference sites is
characterized by a lower R2 of 0.49 (Fig. 2, A). The mean total in-
ventory, referring to a depth of 15 cm, is 83 Bq m2 with a standard
deviation of 11 Bq m2. The coefﬁcient of variation (CV) of 13%
among the reference sites inventories indicates a relatively homo-
geneous initial distribution of Pu over the study area, and conﬁrms
its suitability as a potential tracer for soil redistribution
investigation.
Total inventories at the sampling sites range from 45 to 130 Bqm2 with a standard deviation of 30 Bq m2. Data from previous
projects were used, where Pu activity at erosional sites was
measured to a depth of 10 cm (Alewell et al., 2014). To allow a
comparison of the total inventories at reference and sampling sites,
the activity measurements of the upper 10 cm of the soil cores are
extrapolated, according to the shape of the average reference depth
proﬁle. In this way it was possible to derive the sample inventory to
a depth of 15 cm. Inventory changes between the total reference
inventory and the inventories of the sampling sites vary from45%
to þ57%, with ﬁve of the investigated sites having positive in-
ventory changes highlighting erosion processes. The negative in-
ventory changes of the other four sites indicate that deposition
processes took place since the beginning of the fallout (Fig. 2, B, C
and D).
3.2. Conversion of 239þ240Pu inventories: the comparison of the
models
Soil erosion rates were estimated with the Inventory Method
(IM), the Proﬁle Distribution Model (PDM), the Diffusion and
Migration Model (DMM) and MODERN (M), whereas deposition
rates have been calculated using the Proportional Model (PM) and
MODERN (M) (Fig. 3).
PDM and IM perform similarly at sites with low inventory
change (HF 2 and PAW 3). For higher inventory changes, the two
exponential models deviate more, with IM values increasing
considerably (Fig. 4, A). The ﬁtting of the measured Pu depth proﬁle
to an exponential function is performed differently by the two
models, as expressed by equations (3) and (8) (Fig. 4, C). When
comparing the erosion estimates (ER, t ha1 yr1) of the PDM with
the soil loss (L, cm) obtained with IM, it is possible to notice a small
deviation of the two curves (Fig. 4, B). In order to convert the soil
loss into soil erosion rates (ER, t ha1 yr1), the Inventory Method
subsequently considers the sampling depth d and themass depth of
each sampling site (xm, equation (8)). At sites HF 1 and PAW 1,
which have high values of mass depths (106 and 133 kg m2
respectively), the conversion of soil loss (cm) to soil erosion rates
further enhance the deviation between the IM and PDM outputs
(Fig. 4, B).
DMM returns the lowest soil loss rates ranging from
2.4 t ha1 yr1 (HF 1) to0.3 t ha1 yr1 (PAW 3) (Fig. 3), because
it considers a function which describes the time-variant depth
migration of Pu isotopes into the soil. At the beginning of the fallout
most of the Pu isotopes were located in the top soil, prior tomigrate
in the deeper layers. At that time amodest erosion process affecting
the site would result in a signiﬁcantly high inventory change be-
tween the site and the reference site. To avoid the risk of over-
estimation of erosion rates, the DMM weights the yearly erosion
rates to reﬂect the migration of the radionuclides in the soil since
the beginning of the fallout. However, to the latter might also be
considered an additional obstacle in applying the DMM, since the
two crucial factors in the function (the diffusion coefﬁcient (D) and
the migration rate (v)) have to be estimated and introduce a high
modelling uncertainty.
MODERN follows the same trend as IM, with erosion rates
ranging from8.4 to1.6 t ha1 yr1. A paired samples t-test failed
to reveal a statistically signiﬁcant difference between these models
outputs (t(4) ¼ 0.112, p ¼ 0.916, a ¼ 0.05). However, MODERN
returns slightly higher rates at low inventory changes, and lower
rates in case of high inventory changes (Fig. 4, A). The deviations are
caused by the different depth functions of the two models. MOD-
ERN follows the measured FRN depth distribution, which re-
sembles a polynomial function, and has lower inventories in the
upper most layers as compared to IM. Thus, small changes in the
inventory will be translated into relatively higher erosion rates as
Fig. 2. 239þ240Pu depth proﬁle in the reference sites (mean values of 6 references sites) (A). The x-axis error bars reﬂect standard deviations, whereas the y-axis error bars represent
the depth interval of the sample. *R2 ¼ 0.49 (p-value ¼ 0.79, a ¼ 0.05). **R2 ¼ 0.97 (p ¼ 0.98, a ¼ 0.05). Inventory changes in hayﬁelds (B), pastures without dwarf shrubs (C) and
pastures with dwarf shrubs (D), where positive values indicate erosion and negative values indicate deposition.
Fig. 3. Erosion rates estimated with four conversion models (A). Inventory Method ¼ IM, Proﬁle Distribution Model ¼ PDM, Diffusion and Migration Model ¼ DMM, Proportional
Model ¼ PM, and MODERN. Deposition rates estimated with two conversion models (B). Proportional Model ¼ PM. HF ¼ Hayﬁelds, PAW ¼ Pastures with dwarf shrubs, PAWO ¼
Pastures without dwarf shrubs.
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authors cannot exclude that the results of MODERN may over-
estimate the soil redistribution processes, as it does not consider
any time-variant migration of radionuclides in the soil. However,
judging from expert knowledge (e.g. comparing micro-
morphological changes before and after the winter season) at hotspots of erosional slopes, the DMM might underestimates erosion
processes considerably at least compared to recent rates (last 5
years).
At depositional sites PAWO 2 and PAWO 3, the PM indicates high
deposition rates of 18 and 8.7 t ha1 yr1 whereas MODERN returns
rates of 9.8 and 3.2 t ha1 yr1, respectively (Fig. 3, B). At sites PAW2
Fig. 4. Relation between inventory change and soil erosion rates estimated with MODERN, Inventory Method (IM), Proﬁle Distribution Model (PDM), Diffusion and Migration Model
(DMM) (A). Relation between inventory change and erosion rates estimated by PDM and IM and soil loss (L, cm) estimated by IM (B). Exponential ﬁts of the 239þ240Pu distribution at
the reference site by IM and PDM (C). *R2 ¼ 0.49 (p ¼ 0.79, a ¼ 0.05). **R2 ¼ 0.91 (p ¼ 0.99, a ¼ 0.05).
Table 2
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solution of equation (17) due to high 239þ240Pu inventories (114 and
130 Bq m2, respectively). In order to ﬁnd a solution at these sites,
an additional deposition scenario was deﬁned, where it was
assumed that the deposition material origins from the most
enriched layers of the measured depth proﬁle (Fig. 1, B). In partic-
ular, three layers above the top soil were added, having the same
239þ240Pu inventory as the second layer of the reference proﬁle,
where Pu activity peaked. The resulting deposition rates are 7.9 cm
(HF 3) and 4.3 cm (PAW 2), corresponding to 13.7 t ha1 yr1 and
7.7 t ha1 yr1, respectively. This scenario is not very likely (e.g. the
second horizon only is deposited) unless deposition processes
occurred rapidly after the fallout when most of the 239þ240Pu was
still concentrated in the top horizon.
The assessment of sedimentation rates in Alpine grasslands is
connected to high uncertainty, as in addition to the unknown
temporal dynamic, neither source location nor source area size of
eroded sediments is known. As such, MODERN is a unique tool to
simulate different deposition scenarios which can then be evalu-
ated using expert knowledge.Sensitiveness of the models to changes of the Reference Inventory (Invref).
Relative change in the model output (%)
Invref< 13% Invref > 13%
IM 15 26
PDM 47 71
DMM 58 82
MODERN 31 63.3. Model sensitivity associated to reference inventory uncertainty
For all FRN based estimations of soil redistribution rates, the
selection, the homogeneity and the representability of the refer-
ence site are crucial (e.g Walling et al., 2002; Mabit et al., 2013).
Recently, Iurian et al. (2014) reported that the DMM appears to bevery sensitive to uncertainties of the reference inventory value.
Indeed, a variation of only 15% of the reference inventory value
(considered as a good measurement uncertainty/coefﬁcient of
variation), with no change in any other parameters of the model,
resulted in an increase of the derived net erosion rates by about
100% at the investigated site (Iurian et al., 2014).
To test the sensitivity of the models to variation of (or uncer-
tainty in) the reference inventory, a 13% error of Invref was
considered (Table 2). This value corresponds to the coefﬁcient of
variation (CV) among the six reference sites sampled in the study
area (see Alewell et al., 2014). No modiﬁcations to any other model
parameters were performed. The test was conducted only at
erosional sites and only for models used to derive erosion rates
(namely the Inventory Method, the Proﬁle Distribution Model, the
Diffusion and Migration Model and MODERN).
Our data conﬁrmed the ﬁndings of Iurian et al. (2014) that the
DMM is very sensitive to uncertainties of the reference inventory
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results in a deviation of erosion rates by 82% and 58%, respec-
tively. Similarly, the PDM responds are sensitive to variations in the
reference inventory (Table 2). In contrast, the IM is less responsive
to variations of the reference inventory (deviation of erosion rates
by 15% and 26%) and MODERN is least sensitive to modiﬁcations
with a deviation of the erosion rates by6% and 31% for an increase
or decrease of the reference inventory, respectively (Table 2). The
algorithm of MODERN does not include any speciﬁc assumptions
on the depth distribution of the reference inventory, but directly
uses information on the FRN inventory of each layer of the refer-
ence proﬁle. Therefore, it is less sensitive to such deviation of the
reference inventory. Generally at pasture sites, a signiﬁcant vari-
ability of the reference inventories (CV between 5 and 41%) can be
expected (Sutherland, 1996). Thus, the variability of the reference
inventory (e.g. the standard deviation among replicate soil samples
collected at the reference sites) should be considered in the con-
version models or at least in the interpretation of the results. Such
new generation models would produce a range of possible solu-
tions and provide the user with an uncertainty estimate for the soil
redistribution estimates. Future research should aim to include this
option in the MODERN code.
4. Conclusions
Four widely recognized models to convert FRN inventories into
soil redistribution rates have been described and applied to
a239þ240Pu dataset collected in Swiss Alpine grasslands. In pre-
senting the ﬁrst application of the new model MODERN to assess
soil erosion or deposition rates from 239þ240Pu inventories, the
authors compare this innovative model to commonly used and
established ones. Regarding erosion rates, MODERN and the IM
(whichwas speciﬁcally designed for Pu) compare best. Bothmodels
consider the speciﬁc mass depth of the sampling site to derive
erosion rates. The deviation between the models may be explained
by the fact that IM assumes an exponential distribution of the Pu
distribution at reference sites, whereas MODERN reproduces pre-
cisely the depth proﬁle following the accuracy of the incremental
measurements. As for deposition rates, MODERN results in lower
erosion rates than the PM. The authors would like to point out, that
uncertainty in assessing deposition rates is high, since size and
location of sediment source areas in Alpine grasslands are un-
known. MODERN enables to simulate and assess different deposi-
tion scenarios which can then be evaluated using expert judgment.
Sensitivity of model outputs to reference inventory uncertainty is
highest for the DMM and smallest for MODERN and IM.
The application of MODERN conﬁrmed its potential to convert
239þ240Pu inventories into soil erosion rates and its adaptability to
any speciﬁc site conditions (e.g., ploughed or unploughed or even
artiﬁcial soil layers). The algorithm of MODERN is also suitable for
the estimation of deposition rates. Nevertheless, as no time-variant
migration of Pu in the soil is considered, the authors acknowledge
the risk of overestimating erosion rates. Reliable and quantitative
estimates of soil degradation processes are crucial for optimizing
landmanagement of Alpine grasslands. Such an estimate of soil loss
rates is important to ensure the effectiveness of land management
practices for ensuring the productivity and sustainability of alpine
upland agro-ecosystems.
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